Abstract. A high-density expanding recombining plasma is investigated for deposition of a-Si:H thin films. The deposition method allows nigh growth rates and it relies on separation of plasma production in a high-pressure thermal arc, and transport of lragments of injected SiH, monomer lo the substrate. Some characteristics of the plasma are discussed together with an explanation of the dominant chemical kinetics. which proceed mainly through heavy-panicle interactions. The deposition results indeed show very high growth rates from 2-30 nm s-' on areas of 30 cm2. The properties of the layers are characterized by measuring their refractive index (in the range 3.1-3.8) and bandgap (1.2-1.5 eV). Analysis of the oxygen content in the deposited films shows oxidation of the samples in air, which is probably associated with the microstructure of the layers
Introduction
For amorphous solar cell fabrication various options are being pursued for deposition of semi-conducting amorphous silicon, some of which offer good performance and stabiiity but require further deveiopment to reach competitive production costs. Ultimately roll-on, rolloff deposition techniques need to be developed and a low substrate temperature would be desirable since then polymeric substrates could also be used.
In the prevailing plasma deposition methods [l] , capacitively coupled RF and microwave excited systems are used to create plasma in mixtures of Si& and Hz. In these discharges the Si& monomer is partially dissociated and ionized with S e as major ion and with several radical fragments, SiH,. Depending on the electron density, which is around 10l6 m-3, ion fluxes of a few times lOI9 m-2 s-I and a few times larger net radical fluxes can be obtained. Note that the net radical flux can be significantly smaller than the nearly balancing incoming and desorbing fluxes. This, among other factors, is a consequence of the diffusive character of the discharge. Based on the above-quoted values for the ion and net radical fluxes, deposition rates of 0.1-1 nm s-I are expected and are also actually observed in experiments [2,31. The actual deposition mechanism is still uncertain to a large extent. At present several views exist emphasizing the importance of either SiHz [2] or SiH3 [3] as a precursor for growth. According to most of them the role of the ion flux (and thus the electron flux) is not taken into account. it is clear, however, that the seif-bias that exists in these discharges and that accelerates the ions to energies of 30-100 V does influence the result.
Also it would give rise to advantageous heat flux to the substrate, but may lead to ion-induced damage in the growing film. When argon is used as a carrier gas it could lead to argon capture in the layer with detrimental effects on film quality.
Encouraging results have been obtained with the above-described W and microwave discharge technology. The deposition of various layers in a mnitichamber UHV apparatus has shown good performance and acceptable deposition rates 141. When the deposition rates are to he. increased significantly on similar surface areas (100 cmz or larger) several changes are required to reach the necessary radical andor ion fluxes. In this paper a different approach is used to reach this goal.
This approach [5] is based on separation of plasma (that is, ions and also radicals) production, and the transport and deposition through these particles. The flowing plasma is produced in a sub-atmospheric cascaded arc. As a consequence of the relatively low radiation loss in these plasmas, which satisfy the partial local thermal equilibrium (pLTE) condition, the electron density is high and ionization of the (carrier) gas is very efficient. The high-density plasma flow is seeded with silane while it is allowed to expand in a low-pressure deposition chamber.
The present method has the advantage of providing large radical and ion fluxes, typically lo2' and I d 0 m-' s-' respectively. Other distinct aspects of this plasma beam deposition method are the more pronounced radicalization, the relatively larger ion flux, atomic rather than molecular ions, and the low bias voltage and thus low ion energies.
T h e experimental set-up
The presented method to achieve higher deposition rates relies on efficient plasma production, transfer of the chemical energy to the monomer ( S i b ) seeded in the plasma and transport to the substrate. Figure 1 shows a schematic diagram of the system. In the following we will briefly describe the various aspects of the method. More detai!s of the experimental system can be found in [61.
The plasma source is a cascaded arc, with three cathodes at the upstream side, a stack of ten copper isolation plates with a 4 mm bore and an anode-nozzle. The carrier gas, argon, is injected at the cathode side. The arc current can be varied in the range 30-100 A, the voltage drop is typically around I00 V. Halfway along the arc hydrogen gas is injected, which is completely dissociated and partially ionized in the arc channel. The hydrogen is ionized preferentially as its ionization energy is lower than that of aron, The rcsu!ting ion fluense amounts to nearly 2 x 10" s-', namely ahout 10% of the total flow. The same fluence of electrons renders the plasma flow neutral.
After passing through the nozzle the plasma first chamber; subsequently the plasma shocks, and then 522 expands supersopjcd!y in the !ow.prp_ppsrp d-;?=.idna [7-101 towards the substrate mounted normal to the flow direction at a distance of 30-50 cm. In the early expansion, close to the nozzle exit, monomer gas Si& is injected with flow rates of 1-5 scc s-'. The radiea:izaiioii ziid ioiiizaiioii of iiie monomer proceeds through charge exchange with the carrier gas ions, either Ar+ or H* [ll] . Depending on the distance and pressure a thin layer of a-Si:H can he deposited on an area of 30-100 cm' . The experimental parameters are given in table 1. A load-lock arrangement is used to transfer the silicon substrate to the wvaa:-,ooled substrate holder. Temperature and bias of the substrate are continuously monitored. The substrate temperature is monitored by means of a thermo-couple mounted on a dummy sample, positioned on the sample holder just outside the actual sample deposited. Parameters of the expanding, recombining plasma are measured by means of a computer-controlled double probe and by emission spectroscopy. I n situ ellipsometry is used to monitor the film thickness and refractive index during its growth. Other film characteristics are measured ex situ. No special pre-treatment of the silicon wafers (Wacker, ndoped, p = 1-5 52 cm) was performed.
3. Results a n d discussion With the flow rates selected for the a-Si:H deposition the plasma emanating from the arc source channel primarily contains Ar+, H+, e, Ar and H particles. Addition of Si& monomer in the expanding, recombining plasma leads to radical formation, charge transfer and dissociative recombination of the molecular ions: The following types of reactions involving charge exchange and dissociative recombination would determine the plasma kinetics: is in accordance with the ahove-described picture of full recharging to other ions by a sequence of charge exchange and dissociative recombination. Under other circumstances of low flow and/or current the dissociation may not be complete and, therefore, molecular SiHn (n = 1,2,3) radicals would dominate.
Plasma density and electron temperature measurements were performed using a double probe for different Si& flows. The probe tip was positioned at the axis not too far from the substrate. In the analysis Si+ is assumed to be the dominant ion (see figure 2) . Only in the case that the hydrogen ion is the dominant ion will the error made by making this assumption lead to a large error. This is, however, in view of strong recombination of H+ through formation of e, most unlikely. The presence of negative ions does not severely influence the nc measurement since the saturation current is only dependent on the positive ions.
The results of the double probe, shown in figure 3, indicate an increase in electron temperature T, and a decrease in electron density ne with silane flow. The latter can be ascribed to further loss of ions in the charge exchange-dissociative recombination sequence of charge transfer to monomer ions. The results are in agreement with the results found in similar plasmas in pure argon [8, 9] and in argon-hydrogen [121.
The main difference between this method of deposition and any other plasma-based method is that in this case the electron temperature is low (0.3 eV) in the expansion region and the electrons cannot dissociate and ionize the injected monomers or its fragments. Thus the distinct advantage of the present scheme of the use of ions is that the method is relatively independent of the monomer used (apart from some side effects of the resulting radicals).
In the expansion chamber, where the substrate is placed normal to the direction of plasma flow, the plasma jet consists of SiH, radicals, Si+ ions, electrons and carrier gas ions and atoms. The residual ionization of the carrier gas depends, among other factors, on the hydrogen admixture. From separate studies of molecular (Hz and N2) gas combination with argon plasma jets [12-141, it has become clear that admixture of molecules leads to loss of ionization, again because of charge exchange of atomic ions with the molecules and subsequent recombination of molecular ions. Though the molecular gas injected in the arc channel is almost completely dissociated, the H2 molecules originate from wall association of hydrogen atoms inside the expansion chamber. In this process the Hz molecules are vibrationally excited, which may play an important role in the charge exchange process [12] . As the residence time (0.1-1 s) is substantially longer than the circulation time (0.01 s), an appreciable degree of recycling must be expected and is also observed [15] .
Similarly, in the Si-deposition process recirculating SiH, fragments may contribute to the deposition process. At present it is not known whether this indirect process overweighs the above-described direct process, that is, deposition via Si+ ions.
The substrate bias voltage (floating potential) and the total light intensity emitted from the plasma are measured during the film deposition sequence. The emission measurements are made at a right angle to the plasma flow in front of the substrate. In figure 4(u figure 4(b) . However, the emission from the molecularly seeded plasma is much less than that from argon plasma. Since this measurement is not wavelength-resolved it is difficult to draw conclusions; it is, however, an 524 indication that electron temperature increases (as follows from the higher bias voltage and probe measurements) and that reactivity of the plasma increases with addition of silane to k-HZ plasma. method the film growth rate is higher than that of the usual deposition methods, and this stems from the fact that we have a relatively high density (ne % lo'* m"), low-T, plasma. Tentatively, it appears that low gas flow and low arc current favour the indirect process of radical formation, whereas the ion role becomes more important at high gas flow and large arc current. Wave number (cm-I) Figure 7 . inirared spectra oi fine a-Si:H iiim taken at tiiiferent time intewais marked on the figure. The oxygen peak evident at 1010 cm-' becomes higher as the time of exposure of the film to ambient conditions increases. direct mechanism, but further studies are needed in this direction. Infrared absorption and nuclear techniques are utilized for evaluating the oxygen content of the aSi:H films. Both the diagonistics show oxidation of the films after they are exposed to the ambient atmospheric conditions. The oxygen percentage in the f i l m increases with the time of exposure to the ambient, reaching several per cent over a period of time. This is evident from figure 7, in which the oxygen band at 1010 cm-' is observed and shows a rising trend with exposure time. The absorption coefficient corresponding to the oxygen band is a direct index of the oxygen content. After an exposure of 72 h there is 12% oxygen content in the film. The temporal dependence of the oxidation process is an indication of the microstructure of the film.
Conclusions
Amorphous silicon films were deposited with high -growth rate (2-28 nm s-I) by seeding Si& monomer in an expanding recombining plasma jet of carrier gas (ArHz). The plasma density drops with increasing silane flow due to dissociative recombination of molecular (SiH.) ions resulting from charge exchange.
In this low-T, plasma, molecular processes influence the f i l m growth. Refractive indices in the range 3.1-3.8 of the a-Si:H films grown on silicon substrate were obtained. The bandgap, as measured using ex situ ellipsometry, is in the range 1.2-1.5 eV. Postatmospheric conditions indicates a microstructure of the deposited films. In future studies, further investigation of the initial growth will be pursued.
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